Based on 11 months of polarization lidar observations in the Amazon Basin 
Based on 11 months of polarization lidar observations in the Amazon Basin near Manaus, Brazil (2.3 • S, 60
• N), the relationship between temperature and heterogeneous ice formation efficiency in stratiform clouds was evaluated in the cloud-top temperature range between −40 and 0 • C. Between −30
and 0 • C ice-containing clouds are a factor of 1.5 to 2 more frequent during the dry season. Free-tropospheric aerosol backscatter profiles revealed a twoto tenfold increase in aerosol load during the dry season and a MACC reanalysis dataset implies that the aerosol composition during the dry season is strongly influenced by biomass burning aerosol whereas other components such as mineral dust do not vary strongly between the seasons. The injection of smoke accompanied by the likely dispersion of biological material, soil dust, or ash particles was identified as possible source for the increased ice formation efficiency during the dry season.
Introduction
The Amazon Basin is considered as one of the tipping elements of Earth's climate system, but little is known on the interaction of its unique ecosystem with meteorological processes [Lenton et al., 2008] . The biological activity over the forest is responsible for the emissions of primary biological particles as well as the emission of volatile organic compounds that form secondary organic aerosol particles [Artaxo et al., 2013] . The human activity in the Amazon Basin produces a variety of local aerosols that provide the nuclei for cloud droplets and ice crystals [Martin et al., 2010] whose properties are important in the formation of precipitation. Another source of aerosols over the Amazon Basin is longrange transport of mineral dust and biomass burning smoke from the African continent [Baars et al., 2011] that also contribute to the local population of cloud droplet and ice nuclei [Prenni et al., 2009; Pöschl et al., 2010] .
One key component for the production of significant amounts of precipitation is the formation of ice crystals that are required to produce sufficiently large hydrometeors via the cold rain process [Korolev and Mazin, 2003] . It is well known that in particular the efficiency of heterogeneous ice nucleation, that occurs at temperatures between −37
and 0 • C, depends strongly on the type of ice nucleus, i. e., the aerosol type, as well on the humidity and temperature of the atmosphere [Hoose and Möhler , 2012; Murray et al., 2012; DeMott et al., 2015] . Under otherwise constant conditions variations in the aerosol properties can therefore affect the microphysical structure of clouds, which had been observed previously [Sassen et al., 2003; Seifert et al., 2010; Kanitz et al., 2011; Zhang et al., 2012] .
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In this study we present a lidar-based statistical analysis of the occurrence of heterogeneous ice formation in stratiform cloud layers that were observed near Manaus, Brazil, [Kulmala et al., 2011] and AMAZE-08 (Amazonian Aerosol Characterization Experiment) [Martin et al., 2010] . The lidar measurements were analyzed previously with respect to the aerosol conditions present in the lower troposphere during the wet and dry season by Baars et al. [2012] , who report that the dry season features a much higher aerosol load, predominantly caused by biomass burning aerosol.
Identification of cloud layers
Besides the vertical structure of the aerosol profile, cloud layers were observed frequently during the measurement period. The observed cloud layers were classified as c ⃝2015 American Geophysical Union. All Rights Reserved.
either ice-containing or pure-liquid in accordance to the methodology applied previously
by Ansmann et al. [2009 , and Kanitz et al. [2011] . Here, the procedure is thus only explained briefly. We define a single cloud layer when it is separated from adjacent ones by 500 m in the vertical and by 5 min in time. If the vertical or temporal distance between two layers is less, they are defined as one layer. Above the apparent top of the cloud layer the lidar signal-to-noise ratio must be at least 3% above the background noise level of the average cloud-containing profile. This requirement ensures that the dataset contains only cloud layers that could be penetrated by the lidar beam in order to obtain an accurate measure of the cloud top height. In the next step, the depolarization ratio profile is obtained for the identified cloud layer. Hereby, layers containing ice crystals can be identified by means of an increased depolarization ratio when being observed by an off-zenith pointing lidar as it is the case for Polly XT (pointing
5
• off-zenith). Spherical particles, such as cloud droplets, do not produce depolarization.
Nevertheless, a cloud layer is only identified as ice-containing when increased values of depolarization are observed at its very base (including potential ice virgae), as multiple scattering in liquid cloud layers can also cause a linear increase of the depolarization with increasing cloud penetration depth. Because lidar can only penetrate optical depths of up to 3 and we require that the signal is not attenuated above a cloud layer, the dataset is restricted to thin stratiform cloud layers, similar to those identified in a satellite-based study of Zhang et al. [2012] . The cloud layers did not necessarily have to contain a liquid layer at top. Thus, the class of ice-containing clouds also comprises cirrus clouds. It is known that temperature is the main parameter controlling the efficiency of heterogeneous c ⃝2015 American Geophysical Union. All Rights Reserved.
ice nucleation [DeMott et al., 2015] . Hence, the temperature at the top of every identified cloud layer is obtained from GDAS1 data that are based on the global data assimilation system GDAS (Global Data Analysis System, http://ready.arl.noaa.gov/gdas1.php, grid point: x = 301, y = 88 ). Seifert et al. [2010] and Kanitz et al. [2011] evaluated the accuracy of GDAS1 data against collocated atmospheric soundings and found a mean standard deviation of less than 1 K for the middle troposphere where the mixed-phase clouds are usually observed.
Determination of aerosol profiles
The direct observation of the aerosol properties in the vicinity of each cloud layer is difficult to archive because often the presence of surrounding or lower cloud layers prohibit the determination of a cloud-free backscattering profile from the lidar measurement. The approach to characterize the aerosol properties in the free troposphere was thus twofold. [Morcrette et al., 2009] .
In the present study we use the profiles of backscatter coefficient to depict differences in the aerosol load between the wet and dry season. The MACC aerosol reanalysis will provide indications for changes in the aerosol mixture.
Results

Mixed-phase cloud statistics
The total 11-month dataset of Polly XT measurements in Amazonia covers 2100 measurement hours. The measurements were regularly paused around solar noon and in the afternoon. The breaks lasted from 3 to 6.5 hours between 1100-1730 local time, 1500-2130 UTC, to prevent damage of the lidar detectors by direct sunlight hitting the lidar telescope, and to extent the life time of the laser lash lamps. During rain the lidar also turned off automatically and occasionally the lidar was off for maintenance. c ⃝2015 American Geophysical Union. All Rights Reserved.
Vertical structure of aerosol properties
In order to evaluate the relationship between the efficiency of heterogeneous ice production and the ambient aerosol conditions, the vertical distribution of aerosol properties in the Manaus area are depicted in the following. The very low background values of the aerosol particle backscatter coefficient above the lidar site do not allow to infer further information on the particle type from the available c ⃝2015 American Geophysical Union. All Rights Reserved.
lidar measurements, such as particle depolarization ratio or extinction coefficient. We Second, the mass mixing ratio of hydrophobic organic matter, hydrophilic organic matter, and sulphate is considerably increased during the dry season.
The approximately threefold increase in the mixing ratio of hydrophobic organic matter observed during the dry season can be attributed to increased biomass burning activity.
According to Morcrette et al. [2009] , the sources of sulphates and carbon in the model are linked to fire emissions, both natural and anthropogenic, plus emissions from domestic, industrial, power generation, transport and shipping activities. Due to its low ice nucleation efficiency [Hoose and Möhler , 2012] , an increase in black carbon cannot solely explain the observed increase in the ice-containing cloud fraction. It should however be noted that emissions of much more ice-nucleation-efficient mineral dust particles in MACC are not related to fire emissions [Morcrette et al., 2009] , even though it is known that considerable amounts of mineral dust are emitted during fire events. From polarization Raman lidar measurements in Cyprus it was for example concluded that mineral dust contributes 10-50% to the optical extinction of smoke plumes, corresponding to a contribution bec ⃝2015 American Geophysical Union. All Rights Reserved.
tween 25 and 80% to the aerosol mass [Nisantzi et al., 2014] . Measurements of the dust fraction in lofted Amazonian biomass burning plumes were not reported yet but surface in-situ observations in the Amazon Basin analyzed by Arana et al. [2014] suggest that the dust fraction is lower in that region than over Cyprus. For both the dry and wet season, observations in the vicinity of biomass burning activity yield a soil-dust fraction of approximately 4% of the total particulate mass and a fraction between soil dust and black carbon of 50-60%. These ratios are constant between both seasons but the absolute particulate mass and thus the soil dust mass reported by Arana et al. long-range transport of dust from Africa [Baars et al., 2011; Arana et al., 2014] .
Ashes are another byproduct of biomass burning activity. Their ice nucleation efficiency is considered to be similar to those of mineral dusts. Umo et al. [2014] investigated the ice nucleation of 4 different types of combustion ashes. They identified wood burning ash as c ⃝2015 American Geophysical Union. All Rights Reserved.
the most efficient type, being the second-most efficient non-biological INP, only exceeded by feldspar. Little is known on the actual contribution of ash to the total aerosol mix over the Amazon Basin. E.g., Arana et al. [2014] did not infer ash fractions from their massspectrometer measurements discussed above. Also within MACC, ash is only comprised in the black carbon aerosol. Thus, similar to the consideration of soil dust emissions, biomass burning can also lead to the formation and emission of ash that can enhance ice nucleation efficiency during the dry season.
In conclusion, during the dry season the absolute concentration of soil dust in the vicinity to biomass burning areas can be considered to be 4-5 times higher than during the wet season. Also the fraction of coarse-mode aerosol, which likely stems from biological emissions, is enhanced in this region. In regions further away from biomass burning activities, the soil dust fraction as well as the coarse-mode fraction, i.e., primary biological emissions, observed during the wet season are lower compared to the dry season. Nevertheless, the observations and MACC reanalysis show that during the dry season both fractions of organic material and of mineral dust increase considerably at all tropospheric height levels. It was in addition reported by Arana et al. [2014] that frequently deep-convective activity caused transport of the biomass burning aerosol into the free troposphere. With increased concentration of organic matter, dust, and ashes, the dry season is likely to provide populations of more efficient ice nuclei besides black carbon [Hoose and Möhler , 2012; Augustin et al., 2013; Hartmann et al., 2013] . Due to missing emission schemes for these by-products of biomass burning, it remains however unknown to what extent firec ⃝2015 American Geophysical Union. All Rights Reserved.
induced soild ust and ash injection can influence the aerosol conditions at cloud-forming height levels.
Conclusions
In the present study the seasonal variability of heterogeneous ice production in thin, stratiform cloud layers with lidar-detectable cloud tops over the Amazon Basin was investigated based on a unique inter-seasonal continuous polarization lidar data set obtained near Manaus, Brazil. Thin stratiform cloud layers are best suited for studies of primary heterogeneous ice formation in relationship to temperature and aerosol properties because secondary ice formation and ice-multiplication processes are inefficient in such clouds. It is also noteworthy that heterogeneous ice formation at T> −25
• C was found to occur only via the liquid phase [Ansmann et al., 2009; Westbrook and Illingworth, 2011; de Boer et al., 2011] . Thus, potential seasonal differences in the humidity profiles, which could affect the ice supersaturation and consequently the efficiency of deposition or condensation freezing nucleation [Hoose and Möhler , 2012] , cannot explain differences in ice-nucleation efficiency at T> −25
From the Manaus cloud dataset it was found, that at all temperatures between 0 and
−40
• C, ice formed considerably more frequent during the dry season than during the wet season. Differences in the aerosol conditions between both seasons were found, as well.
During the dry season, the aerosol backscatter coefficient at 532-nm wavelength exceeds the respective wet-season values by a factor of 2 to 10 at all heights between 4 and 10 km.
According to MACC reanalysis data, carbon emissions contribute mostly to the enhanced aerosol load observed during the dry season. Thus, based on the data sets analyzed in this c ⃝2015 American Geophysical Union. All Rights Reserved.
study, and implying that the heterogeneous ice formation at T> −25 • C is determined by temperature and aerosol load only, biomass burning activities are the outstanding driver of the observed enhanced freezing efficiency in the dry season, even though it is not clear which constituent of the biomass burning aerosol leads to the enhanced ice nucleation efficiency. Solely the increased presence of black carbon particles, which are known to be rather inefficient ice nuclei, cannot explain the observed freezing efficiency. Observations suggest, that the emitted biomass burning aerosol contains in addition fractions of soil dust, combustion ashes, or unmodified pristine organic compounds, such as pollen, bacteria, spores, or organic molecules, which are considered to produce ice much more efficient than pure black carbon particles.
A more thorough investigation of the seasonal difference in the efficiency of ice nucleation in the Amazon Basin by means of in-situ observations at cloud level will be required to evaluate the fraction of mineral dust and ice-nucleation-efficient organic compounds of the smoke plumes and to quantify the actual effect of changes in the aerosol properties on heterogeneous freezing efficiency. 
